Background: Pba1-Pba2 facilitates proteasome ␣-ring assembly. Results: Pba1-Pba2 binds mature proteasomes using C-terminal motifs and sequesters ␣-subunit N termini. It does not activate and is not degraded by isolated 20S proteasomes. Conclusion: Pba1-Pba2 is important for proteasome-dependent maintenance of mitochondrial function. The structure is consistent with multiple roles in proteasome assembly. Significance: Models of proteasome assembly and Pba1-Pba2 proteasome function are advanced.
The 20S proteasome is an essential, 28-subunit protease that sequesters proteolytic sites within a central chamber, thereby repressing substrate degradation until proteasome activators open the entrance/exit gate. Two established activators, Blm10 and PAN/19S, induce gate opening by binding to the pockets between proteasome ␣-subunits using C-terminal HbYX (hydrophobic-tyrosine-any residue) motifs. Equivalent HbYX motifs have been identified in Pba1 and Pba2, which function in proteasome assembly. Here, we demonstrate that Pba1-Pba2 proteins form a stable heterodimer that utilizes its HbYX motifs to bind mature 20S proteasomes in vitro and that the Pba1-Pba2 HbYX motifs are important for a physiological function of proteasomes, the maintenance of mitochondrial function. Other factors that contribute to proteasome assembly or function also act in the maintenance of mitochondrial function and display complex genetic interactions with one another, possibly revealing an unexpected pathway of mitochondrial regulation involving the Pba1-Pba2 proteasome interaction. Our determination of a proteasome Pba1-Pba2 crystal structure reveals a Pba1 HbYX interaction that is superimposable with those of known activators, a Pba2 HbYX interaction that is different from those reported previously, and a gate structure that is disrupted but not sufficiently open to allow entry of even small peptides. These findings extend understanding of proteasome interactions with HbYX motifs and suggest multiple roles for Pba1-Pba2 interactions throughout proteasome assembly and function.
The eukaryotic 20S proteasome (core particle) is a large (ϳ730 kDa) 28-subunit complex that functions as the primary protease of the cytosol and nucleus, where it plays essential roles in numerous homeostatic and regulatory processes (1) . The proteasome adopts a barrel-shaped structure that is highly conserved between yeasts and mammals and comprises four stacked heptameric rings, with two ␣-type end rings and two central ␤-type rings. Seven related but unique ␣-subunits (␣1-7) and seven related but unique ␤-subunits (␤1-7) each occupy specific locations within their respective rings.
Proteasome assembly follows an ordered, chaperone-assisted process that avoids off-pathway intermediates and aberrant proteolysis and is largely conserved throughout eukaryotes (2) . Formation of an ␣-ring is followed by sequential addition of ␤-subunits to form half-proteasomes, which dimerize and undergo autocatalytic processing to form mature proteasomes. Three chaperone complexes facilitate assembly, including Ump1 (3), Pba3-Pba4 (4, 5) , and the focus of this study, Pba1-Pba2/Poc1-Poc2/PAC1-PAC2 (6 -8) . Deletion of PBA1-PBA2 elicits little phenotype in Saccharomyces cerevisiae in the absence of other mutations (7, 8) , although knock-out of PAC1 causes embryonic lethality in mice (9) , and major defects in proteasome assembly are apparent upon knockdown in cultured human cells (6) . The leading model is that Pba1-Pba2 binds to the apical side of ␣-subunit rings in essentially all assembly intermediates and is degraded upon formation of mature 20S proteasomes. Principal roles are thought to include stabilizing the nascent ␣-ring and blocking off-pathway associations.
The active sites of mature proteasomes are formed at the N termini of the ␤1, ␤2, and ␤5 subunits and are sequestered in the central catalytic chamber, which substrates access through a pore in the center of the ␣-ring that, by default, is sealed by a gate comprised of the ␣-subunit N-terminal residues. This repressed conformation is released through interactions with proteasome activators, which are protein factors that bind to the ␣-rings and open the gate (10 independent 11S/PA28/PA26 and Blm10/PA200 activators, and the ATP-dependent 19S/PA700/RP activators. Whereas the proposed physiological roles and overall structures of these activators are highly divergent, they employ some common mechanisms, with binding mediated by C-terminal residues inserting into pockets between proteasome ␣-subunits, and gate opening triggered by repositioning the Pro-17 reverse turn of proteasome ␣-subunits. Notably, three of the six 19S ATPase subunits (as well as their archaeal homolog PAN) and Blm10 display a conserved C-terminal hydrophobic tyrosine-any residue (HbYX) 5 tripeptide that is implicated in both binding and gate opening (11) (12) (13) (14) . This motivated us to search for other proteins displaying similar C-terminal residues that might bind proteasomes and possibly induce gate opening. One attractive candidate is Pba1-Pba2, which contains HbYX motifs at the C termini of both Pba1 (LYI) and Pba2 (LYN) (S. cerevisiae sequences) (15) .
Here, we report that Pba1-Pba2 is a stable heterodimer that binds the mature 20S proteasome in an HbYX-dependent manner and that these interactions function in a novel proteasomerelated pathway that is important for the maintenance of mitochondrial function. We also report a Pba1-Pba2 proteasome crystal structure that suggests multiple roles in proteasome assembly, thereby explaining why Pba1-Pba2 is associated with ␣-subunits from the earliest assembly intermediates and also binds the mature proteasome. The structure reveals surprisingly varied HbYX interactions with proteasomes, and our biochemical data argue against the suggestion that the C-terminal HbYX motifs target Pba1-Pba2 for degradation by the 20S proteasome.
EXPERIMENTAL PROCEDURES
Protein Purification-Pba1 (Uniprot no. Q05778) and Pba2 (Uniprot no. P36040; tagged with His 6 and linker SQDP) were co-expressed from a pRSF-Duet vector (Novagen) in BL21(DE3) codonϩ (RIL) Escherichia coli cells (Stratagene) in auto-induction medium, ZYP-5052 (16) at 37°C for 6 h, then transferred to 19°C for 20 h. Mutations were introduced using the QuikChange procedure (Stratagene). Purification was performed at 4°C. Cell pellets were resuspended and sonicated in lysis buffer containing 25 mM Tris-HCl, pH 7.5, 300 mM NaCl, 2 mM 2-mercaptoethanol, 10 mM imidazole, and protease inhibitors (Sigma), and centrifuged at 20,000 ϫ g for 45 min. Clarified lysate was bound to nickel-nitrilotriacetic acid resin (Qiagen), washed in lysis buffer supplemented with 30 mM imidazole, and eluted with an equivalent buffer containing 100 mM NaCl and 500 mM imidazole. Eluted protein was loaded onto a 5-ml HiTrap Q HP column attached to an ÅKTA FPLC (GE Healthcare), washed with buffer A (25 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM DTT), and eluted with a linear gradient of buffer A made up with 1 M NaCl. Fractions containing Pba1-Pba2 were identified by SDS-PAGE, concentrated by ultrafiltration, and passed over a Superdex-200 16/60 size exclusion column (GE Healthcare) in 25 mM Tris-HCl, pH 7.5, 100 mM NaCl, and 1 mM DTT. Purified Pba1-Pba2 was dialyzed into specific buffers as required. A tagless variant of Pba1-Pba2 that had a PreScission protease (GE Healthcare) site inserted between the His 6 tag, and the N terminus of Pba2 was prepared by overnight dialysis in buffer A with the protease between the nickel-nitrilotriacetic acid and Q chromatography steps. Following cleavage, Pba2 has the additional N-terminal residues GlyPro. Selenomethionine-substituted Pba1-Pba2 was expressed as described (16) and purified in an identical manner to the native protein. The histidine tag was removed for crystallization trials and peptidase activity assays. The histidine tag was retained on samples used for the analytical ultracentrifugation and surface plasmon resonance (SPR) experiments shown here, although essentially identical SPR results were obtained with tagless proteins. 20S proteasome was prepared as described (17) using S. cerevisiae strain SDL135, which expresses proteasome subunit Pre1/␤4 with protein A integrated at the C terminus.
Biosensor Binding Assays-Human IgG (Sigma-Aldrich) was immobilized on all four flow cells of a CM5 sensor chip in a Biacore 2000 instrument using standard amine coupling chemistry. Two g of pulverized yeast extract expressing the protein A-tagged proteasome was suspended in 10 ml of 20 mM Tris, pH 7.5, 0.1 mM EDTA, and 0.5 mM DTT for 10 min then centrifuged for 30 min at 14,000 ϫ g. Proteasome from the clarified lysate was captured on the IgG surface at a variety of surface densities, each of which gave the same binding kinetics. Surfaces were washed by injection of running buffer (25 mM Tris, pH 7.5, 1 mM tris(2-carboxyethyl)phosphine) containing first 500 mM NaCl for 10 min followed by 1 M NaCl for an additional 10 min. Pba1-Pba2 proteins were assayed in a 3-fold dilution series in buffers containing 20 mM Tris, pH 7.5, 1 mM tris(2-carboxyethyl)phosphine, 0.01% P20, 0.1 mg/ml BSA, and either 12.5, 50, or 150 mM NaCl. All data were collected at 25°C and processed using ScrubberPro6 (Biologic Software Pty, Ltd., Campbell, Australia). Response data were normalized using the R max for each data set and globally fit to a 1:1 interaction model.
Genetic Analyses-Yeast strains isogenic with the A364a genetic background (supplemental Table S2 ) were grown to saturation in rich medium, and then aliquots of 10-fold serial dilutions were placed on different media and incubated under the conditions shown for 2 days (3 days for plates containing canavanine). Strains were tested for stability of mitochondrial function using the triphenyltetrazolium chloride (tetrazolium red) overlay method (18) . Briefly, strains were grown on rich medium with glycerol as the sole carbon source to select for maintenance of mitochondrial function, and then independent clones were grown to saturation in rich medium containing 2% glucose. Dilutions were plated on rich glucose medium and plates with 50 -300 individual colonies were stained with 0.1% triphenyltetrazolium chloride in an agar overlay. The percentage of colonies that failed to stain and therefore lacked mitochondrial function was determined.
Crystallography and Structure Analysis-Pba1-Pba2 and proteasome were dialyzed overnight against 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, and 1 mM tris(2-carboxyethyl)phosphine, and concentrated by ultrafiltration to ϳ10 mg/ml and 6 -9 mg/ml, respectively. MG132 (50 mM stock in dimethyl sulfoxide) was added in a 200ϫ molar excess to the 20S proteasome and incubated at 4°C for 30 min, and the solution was centri-fuged at 14,000 ϫ g for 10 min. The supernatant was carefully isolated and added to a 2.5-fold molar excess of Pba1-Pba2. Following a 30-min incubation at 4°C, samples were centrifuged as above prior to crystallization by the sitting drop method at 4°C with a drop of 4 l of precipitant (0.1 M sodium citrate (pH 5.5-5.7) and 18 -20% PEG 3000) and 2 l of Pba1-Pba2 proteasome solution. Crystals were briefly transferred to precipitant solution made up with 30% glycerol (cryoprotection buffer), suspended in a loop, and cooled by plunging into liquid nitrogen. The mercury derivative was prepared by soaking a crystal in cryoprotection buffer supplemented with 1 mM thimerosal for 6 h prior to cooling. Diffraction data were collected at beamline X29 of the National Synchrotron Light Source and processed using HKL2000 (19) . Phases were determined by molecular replacement using PHASER (20) and half of the unliganded proteasome structure (Protein Data Bank code 1RYP) (21) as a search model. The first 30 residues of the ␣-subunits were omitted from the search model. Model building was facilitated by anomalous difference Fourier maps that localized selenomethionine and cysteine (mercury derivative) positions. Model building, structure refinement, and validation were accomplished using COOT (22) , PHENIX (23), and MolProbity (24), respectively. Statistics are given in supplemental Table S1 . The following residues lack interpretable density and have been omitted from the refined model: Pba1 (residues 1-27, 39 -46, 79 -119) and Pba2 (residues 125-181, 193-203, 232-240).
Molecular figures and overlaps were generated using University of California, San Francisco CHIMERA (25) . Molecular interfaces were analyzed using PDBsum (26) . Overlap of different proteasome structures was performed by superposition of the ␤-rings. The overlays of Pba1 and Pba2 tails shown in Fig. 4 , B and E, were achieved by superposing equivalent structural elements that line the ␣5/␣6 and ␣6/␣7 pockets. Paired sequences used for superposition are (␣5(17-30;155-172), ␣6(20 -35;74 -81)), and (␣6(15-28;144 -161), ␣7(21-36;77-84)) for the ␣5/␣6 and ␣6/␣7 pockets, respectively. 20S Proteasome Activity Assay-100-l reactions were performed in 96-well plates using a Polarstar Optima (BMG Labtech) fluorometer. 100 ng (1.35 nM) of yeast 20S proteasome and either 20 ng (3.18 nM) of Pba1-Pba2 or 59.5 ng (3.18 nM) of PA26 were preincubated in 50 l of assay buffer (20 mM Tris, pH 7.5, 25 mM NaCl, 1 mM DTT) at 30°C for 12 min prior to adding the substrate Suc-LLVY-AMC (Enzo Life Sciences) to a final concentration of 100 M. Following the addition of substrate, fluorescence was read every 5 min for 1 h. Experiments were conducted at 30°C. Fluorescence/min was calculated using values within the linear range (n ϭ 6 for each sample). Control reactions included 20S proteasome only, Pba1-Pba2 only, and PA26 only.
RESULTS

Pba1-Pba2 Binds the Mature 20S Proteasome-S. cerevisiae
Pba1 and Pba2 proteins were coexpressed in bacteria, purified, and shown to form a monodisperse heterodimer by equilibrium analytical ultracentrifugation (supplemental Fig. S1 ). To assay Pba1-Pba2 interactions with the mature 20S proteasome, we used SPR (14) . These data indicate a dissociation constant (K D ) of 2.78 Ϯ 0.02 M in a buffer containing 150 mM NaCl and an interaction model in which one Pba1-Pba2 heterodimer binds to each end of the proteasome, consistent with the crystal structure (see below). The interaction was salt-sensitive, with binding affinity increasing to K D ϭ 68.1 Ϯ 0.4 nM and K D ϭ 12.17 Ϯ 0.04 nM in buffers containing 50 mM or 12.5 mM NaCl, respectively ( Fig. 1) . In contrast to a recent study on the apparent archaeal homologs of Pba1-Pba2 (15), inhibition of the proteasome proteolytic sites with either MG132 or clasto-lactacystin ␤-lactone had no effect on the binding affinity or kinetics of Pba1-Pba2 (supplemental Fig. S2 ).
Pba1-Pba2 C Termini Function in Binding-Removing the three C-terminal HbYX residues of Pba1 (Pba1⌬CT) gave more than 150-fold reduction in binding affinity in 12.5 mM NaCl and undetectable binding in 150 mM NaCl (Fig. 1) . Mutation of the Pba1 HbYX tyrosine or hydrophobic residue resulted in similar changes in affinity. Each of these changes to C-terminal residues of Pba1 reduced affinity by both decreasing the association rate and increasing the dissociation rate. In contrast to the dramatic effects seen with Pba1, truncation or mutation of the Pba2 HbYX caused only modest (3-to 5-fold) reductions in affinity. As expected, the Pba2 variants displayed slower association rates, although unlike Pba1, the Pba2 variants also displayed slower dissociation rates. Moreover, heterodimers bearing mutations in both Pba1 and Pba2 HbYX motifs displayed binding kinetics similar to variants containing mutations only in Pba1. Thus, although both Pba1 and Pba2 HbYX motifs contribute to binding, that of Pba1 makes a larger contribution and the mechanisms are different.
The C Termini of Pba1-Pba2 Contribute to Their Physiological Activity, Including a Role in Maintaining Mitochondrial
Function-To determine the importance of the HbYX motifs of Pba1 and Pba2 to their biological function, we analyzed the phenotypes of mutants in S. cerevisiae. Consistent with previously published reports (7, 8) , deleting the entire open reading frames of both PBA1 and PBA2 did not cause a significant growth defect, but triple mutants lacking Pba1-Pba2 and Rpn4 (the transcription factor that regulates expression of many proteasomal proteins; pba1-⌬, pba2-⌬, rpn4-⌬) failed to grow at elevated temperatures or in the presence of low levels of canavanine (which leads to synthesis of aberrant proteins and therefore to an increase in the need for proteasomal function; Fig. 2A , top row). Pba1 and Pba2 each perform unique functions because deleting either gene in a strain lacking Rpn4 caused defective growth. Strains with deletions of the final three Pba1-Pba2 C-terminal residues or with the penultimate tyrosines mutated to alanine were essentially as defective as full gene deletions ( Fig. 2A, middle and bottom rows) . Although deletion of either C terminus was sufficient to cause an rpn4-⌬ strain to fail to grow at 38°C, deletion of both C termini was required to produce the full growth defect at 37°C (supplemental Fig. S3 ). These results support the recently reported finding that the C-terminal HbYX motifs of Pba1 and Pba2 are at least partially redundant with one another in vivo (15) but also shows that each has a unique function. Together, these results show that an important biological function of Pba1-Pba2 requires the action of the HbYX motifs of both proteins, matching the roles of each motif in binding to proteasomes in vitro. OCTOBER 26, 2012 • VOLUME 287 • NUMBER 44
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We expanded the genetic analysis by assaying the importance of Pba1-Pba2 for maintaining mitochondrial function. Previous studies have shown a role for the 19S regulatory complex (27) and the proteasome assembly chaperone Ump1 (28) in mitochondrial function, and we have previously shown that the proteasome binding partner Blm10 functions in a mitochon- Table S2 ) were tested as described under "Experimental Procedures." pba1-⌬, pba2-⌬, and rpn4-⌬ indicate complete deletion of the ORFs. pba1-2⌬ and pba1-2⌬CT3 indicate deletion of the complete ORFs or the final three residues of both ORFs. pba1-2 YA indicates mutation of the penultimate tyrosine of both ORFs to alanine. The ⌬CT and YA mutations were constructed by integrating LEU2 or URA3 30 bp downstream of the open reading frame using a primer that introduced a premature stop codon or the Tyr-to-Ala mutation, so that all expression is from the native promoter in a genomic context. YPAD indicates rich medium, synthetic indicates synthetic medium lacking arginine, and Can 0.75 is synthetic medium lacking arginine and containing 0.75 g/ml of the arginine analog canavanine. B and C, isogenic strains with the relevant genotypes shown were grown on rich medium then tested for mitochondrial function by staining with the dye triphenyltetrazolium chloride as described (18) . The average and standard deviation of the percentage of clones displaying loss of mitochondrial function in multiple (at least five) independent repeats of this assay is graphed.
drial checkpoint pathway (13) . Yeast cells can grow in the absence of mitochondrial oxidative phosphorylation if they are provided with a fermentable carbon source such as glucose but are unable to metabolize glycerol or other non-fermentable carbon sources, and the resulting colonies fail to stain with the dye triphenyltetrazolium chloride (18) . Growth of a normal strain in glucose-containing medium results in the accumulation of a surprisingly high number of cells that have lost this mitochondrial function (6.4 Ϯ 3.4% for the 39 independent clones shown in Fig. 2B ). Complete deletion of PBA1-PBA2, deletion of just the HbYX motifs or mutation of the penultimate tyrosines to alanines all produced essentially the same destabilization of mitochondrial function, resulting in a 2.2-fold increase in the yield of cells lacking mitochondrial function (Fig. 2B) . Other proteasome-related factors also contributed to maintenance of mitochondrial function, with more subtle effects (rpn4-⌬ caused a 1.2-fold increase; Fig. 2C ) or more dramatic ones (loss of the proteasome ␣3 subunit in a pre9-⌬ strain caused a 4.0-fold increase, and loss of Blm10 caused a 5.4-fold increase; Fig.  2C ) (13) . Combining mutations in these factors revealed complex genetic interactions, with the phenotype of Pba1-Pba2 deletion being enhanced by simultaneous loss of Blm10 or Rpn4, but not by loss of Pre9 or Ump1. Pba1 and Pba2 also contributed unique activities to this function, as single mutants alone or combined with rpn4-⌬ caused rates of mitochondrial function loss similar to the double pba1-⌬pba2-⌬ mutant (supplemental Fig. S4) . The relationship between proteasome activity and the stability of mitochondrial function remains unknown, but these results show that different features of proteasomes contribute in distinct, genetically complex ways, and confirm the importance of the C termini of Pba1 and Pba2 in all of their known physiological roles.
Pba1-Pba2 Proteasome Crystal Structure-We have determined a crystal structure of the Pba1-Pba2 proteasome complex at 2.5 Å resolution with an R free value of 23.2% (Fig. 3 and supplemental Table S1 ). A single Pba1-Pba2 heterodimer binds each proteasome ␣-ring, and a 2-fold axis bisects the complex to yield a half-proteasome and one Pba1-Pba2 in the asymmetric unit.
Pba1-Pba2 Structure-Pba1 and Pba2 share similar overall topologies, with a ␤-sheet of four parallel strands that is extended by antiparallel strands and flanked on both faces by helices. They superpose with a root mean square deviation of 2.5 Å over 98 pairs of equivalent C␣ atoms (Fig. 3B) , although only eight of the structurally equivalent residues have the same amino acid identity, and there is considerable divergence in the lengths of loops between secondary structural elements.
Within the heterodimer, Pba1 and Pba2 are related to each other by an ϳ80°rotation, with both C termini extending away from the core, albeit to different extents and in different relative directions. The interface between Pba1 and Pba2 covers ϳ2,600 Å 2 and includes multiple van der Waals contacts and 12 hydrogen bonds (Fig. 3C) . Conserved residues of Pba1 and Pba2 are mostly limited to the heterodimer core and the proteasome interface (Fig. 3D) .
Proteasome Structure and MG132 Binding-Apart from the N-terminal gating residues of ␣-subunits (below), little conformational change is detected in the proteasome upon binding Pba1-Pba2. Following superposition on the proteasome ␤-subunits, the root mean square deviation between Pba1-Pba2-bound and unbound proteasome ␣-rings (PDB code 1RYP) (21) is ϳ1.0 Å over all corresponding pairs of C␣ atoms, excluding the gate region (residues 1-30 of all ␣-subunits).
Crystals were grown in the presence of the inhibitor MG132, which primarily inhibits the ␤5 active site (29) . We observe interpretable MG132 density only at the ␤5 site, where MG132 binding is consistent with proteasome complexes with related inhibitors (21, 30) and induces only modest conformational changes compared with the unliganded proteasome (21) .
Despite multiple attempts over a wide range of conditions, only very poor crystals whose diffraction could not be indexed were obtained in the absence of an inhibitor or in the presence of clasto-lactacystin ␤-lactone. We therefore searched for map features indicating that a second MG132 molecule might mediate a lattice contact. We did not find suggestive density, although a lattice-stabilizing role for a partially ordered MG132 molecule cannot be completely ruled out.
The Interface between Pba1-Pba2 and the Proteasome-The extensive ϳ7,100 Å 2 interface of Pba1-Pba2 with the proteasome includes roughly equal contributions from Pba1 and Pba2 and contains 27 hydrogen bonds. Pba1 and Pba2 each make substantial contacts with subunits ␣5 and ␣6, whereas Pba1 also makes a small contact with ␣4, and Pba2 makes a substantial contact with ␣7 (Fig. 3C) . The interface is highly convoluted. The N-terminal residues of ␣5 and ␣6 project away from the proteasome into a pocket formed at the Pba1-Pba2 interface that displays a relatively high fraction of conserved Pba2 residues, and the C-terminal residues of Pba1 and Pba2 insert into pockets formed between ␣-subunits (Fig. 4) .
Interactions of the Pba1 and Pba2 HbYX motifs are of special interest (Fig. 5) . The Pba1 HbYX binds the ␣5/␣6 pocket where it overlaps closely with the C-terminal residues of bound Blm10 (Fig. 5, A and C) (13) and PA26 (31) , with the terminal carboxylate forming a salt bridge with the pocket lysine (␣6 Lys-62) and main chain groups forming antiparallel ␤-sheet-like hydrogen bonds with ␣6 Gly-76 and Ala-78. The Pba1 HbYX tyrosine lies in an equivalent position to that of Blm10, although its OH group forms a hydrogen bond with the NH group of ␣5 Leu-21 rather than with the O of ␣5 Gly-19 as seen with Blm10. This allows the tyrosine OH to also hydrogen bond with the ␣5 Glu-25 carboxylate, which is constrained by other interactions with Pba1. Curiously, Pba1 Glu-222 is superimposable with the "activation loop" glutamate of PA26 (32) and hydrogen bonds with residues on the proteasome ␣5 Pro-17 reverse turn, although this residue is conserved only in fungi, and we found only a modest reduction in binding affinity and no apparent phenotype when it was mutated to alanine.
The Pba2 HbYX binds the adjacent ␣6/␣7 pocket and also forms a salt bridge with the pocket lysine (␣7 Lys-65) but adopts a distinct conformation and forms different interactions from those of Pba1, Blm10, and PA26 (Fig. 5, B and D) . The distinct HbYX conformations can be explained by differences in the Pba1 and Pba2 amino acid sequences. Pba1 and Pba2 approach their pockets from different orientations but enter the pocket as structurally equivalent helices (Fig. 5E) , after which Pba1 has a
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single residue (Gly-273) insertion that makes Pba1 Leu-274 (HbYX) equivalent to Pba2 Tyr-266 (HbYX). Another important difference is seen between the structurally equivalent Pba1 Gly-269 and Pba2 Phe-262 residues because the large Pba2 Phe-262 side chain prevents the HbYX tyrosine from adopting the canonical conformation of Pba1. Thus, residues N-terminal to the HbYX motifs explain why the Pba1-Pba2 C-terminal C␣ atoms are shifted by 3.8 Å in this overlap, why the Pba2 HbYX does not form hydrogen bonds equivalent to those of Pba1, and why the Pba2 HbYX tyrosine OH group is 4.2 Å from the closest potential hydrogen bond partner.
The Pba1-Pba2-bound Proteasome Gate Is Partially Displaced and Is Functionally Closed-Pba1-Pba2 forms a cup-like structure over the center of the proteasome ␣-ring, leaving the pore visible only when viewed from an oblique angle (Fig. 6A) .
The N-terminal residues of ␣5, ␣6, and ␣7 make extensive contacts with Pba1-Pba2 and are therefore more ordered than in the unliganded proteasome (Fig. 6, A and C) . In contrast, the ␣1, ␣2, ␣3, and ␣4 N-terminal residues display more disorder in the complex with Pba1-Pba2, including for some residues that seal the gate in the absence of a binding partner (Fig. 6, B and C) . Although this means that a channel is visible when disordered residues are not displayed (Fig. 6C) , the channel is far from the fully open conformation seen with PA26 (31, 32) and exhibits substantially less disorder than seen in the Blm10-bound state (13) . Indeed, the channel appears too narrow and occluded by disordered residues to allow passage of even small peptides (Fig. 6B) .
To test the structural implication that the proteasome gate is functionally closed in the Pba1-Pba2 complex, we performed biochemical hydrolysis assays. Consistent with a recent report (15) , we failed to detect enhanced proteasomal hydrolysis of the fluorogenic peptide Suc-LLVY-AMC in the presence of Pba1-Pba2 (Fig. 7A) . We also tested the hypothesis that Pba1-Pba2 is a 20S proteasome substrate (6) but found no evidence for this upon prolonged incubation (Fig. 7, B-D) . These findings are consistent with the model that the proteasome pore is occluded when bound with Pba1-Pba2. A, Pba1 and Blm10 C-terminal HbYX tripeptides and surrounding proteasome residues are shown following overlap on ␤-subunits. Pba1 and associated ␣5 and ␣6 residues are colored as for other figures. Blm10 and associated proteasome residues are colored cyan. B, superposition of Pba1 and Pba2 and their surrounding proteasome residues following superposition on equivalent structural elements lining the pockets. Standard colors are used for Pba1. Pba2 is colored blue, and its associated proteasome residues are colored white. C, surface representation of the proteasome with Pba1 HbYX residues shown as sticks, and H-bonding interactions are shown as dotted lines. D, equivalent to C but for the Pba2 HbYX residues. E, Pba1 and Pba2 C-terminal residues superposed as for B. Structurally equivalent residues (defined as C␣ within 3 Å) are boxed in the sequence alignment. Pba1 Gly-269 and Pba2 Phe-262 are indicated with pink and green asterisks, respectively. 
Pba1-Pba2 Proteasome Complex
37378
DISCUSSION
Mature 20S proteasomes have a variety of binding partners that display radically different architectures but utilize similar modes of binding through their C-terminal residues (10). Multiple C termini of the heptameric 11S activators form salt bridge and hydrogen bonding interactions with proteasome ␣-subunit pockets (31) and superimposable interactions are observed with the one C terminus of the monomeric Blm10 protein (13) . 11S and Blm10 induce full or partial opening of the proteasome gate, respectively, by repositioning the proteasome Pro-17 reverse turn. An important element of the Blm10 interaction involves the penultimate tyrosine/ phenylalanine residue, and equivalent interactions of penultimate tyrosine and surrounding residues also seem to be critical components of binding and gate opening by multiple subunits of the hexameric ATPase PAN/19S activators (14, 33).
Our structure determination shows that Pba1-Pba2 both preserves the characteristic mode of C-terminal binding and adds to the remarkable diversity of structurally defined proteasome-binding partners. Pba1-Pba2, which we show is a stable heterodimer, is architecturally quite different from 11 S, Blm10, and PAN/19S activators, with structural equivalence found only where the C-terminal residues of Pba1 bind to the ␣5/␣6 pocket (Fig. 5) . The Pba2 HbYX interaction lacks even this structural equivalence, using a similar motif in a divergent manner to bind the ␣6/␣7 pocket. The less extensive interactions observed with Pba2 are consistent with the lack of conservation of these residues beyond fungal species (15) and their smaller contribution to binding (Fig. 1) . However, both C-terminal tails do make significant contributions to the binding of Pba1-Pba2 to the proteasome in vitro, and both are important FIGURE 6. Proteasome gate conformation. A, space-filling stereoview representation of the opening to the proteasome pore. Disordered gate residues (␣1(1-11), ␣2(1-4), ␣3(1-5), ␣4 (1) (2) (3) (4) (5) (6) (7) (8) ) are built in stereochemically reasonable conformations and shown in ball-and-stick representation. B, same view as A but with the ordered residues of ␣2, ␣3, and ␣4 removed to visualize the pore interior. C, yeast proteasome pore conformations. Unliganded (gray, PDB code 1RYP), in complex with PA26 (yellow, PDB code 1Z7Q), Blm10 (cyan, PDB code 1VSY), and Pba1-Pba2 complex (pink). Disordered residues are not shown. The first ordered residues are tabulated. FIGURE 7. Pba1-Pba2 does not activate the proteasome and is not a proteasome substrate. A, Pba1-Pba2 does not stimulate hydrolysis of the model peptide substrate Suc-LLVY-AMC in conditions containing 25 mM NaCl, under which robust Pba1-Pba2 proteasome binding was observed in SPR assays. Samples containing 20S proteasome only, proteasome and Pba1-Pba2, or proteasome and PA26 were averaged (n ϭ 6) and normalized to proteasome only reactions. B, Pba1-Pba2 is not a proteasome substrate in vitro. SDS-PAGE of Pba1-Pba2-proteasome incubated with and without MG132 for 24 h at 30°C or room temperature (RT). Pba1-Pba2 and free 20S proteasome are shown for comparison. The bands corresponding to Pba1-Pba2 are boxed and do not change in intensity regardless of the inhibition state of 20S proteasome. The most slowly migrating band corresponds to ␣7, which is clipped upon incubation in the absence of MG132. C, ESI-MS spectra from the analysis of the 30°C samples incubated in the absence (left) or presence (right) of MG132. Observed molecular weights are in normal font, and calculated values are in boldface type and parentheses. Pba1-Pba2 apparent abundance relative to proteasome components is similar in both samples. Apparent molecular weights indicate that ␣5 and ␣6 are acetylated, consistent with electron density at their N termini.
for the physiological roles of Pba1-Pba2 in vivo, including the maintenance of mitochondrial function. Although the Pba1 HbYX interaction is superimposable with activating interactions of Blm10 (13) and models of PAN/19S (14) , our structural and biochemical data show that the proteasome entrance gate is closed in the presence of Pba1-Pba2 (Figs. 6 and 7A) . Thus, despite conservation of the primary "activating" interaction, Pba1-Pba2 is not itself a proteasome activator and is not degraded by the purified 20S proteasome, thereby arguing against the previously attractive proposal that Pba1-Pba2 targets its own destruction upon completion of assembly (6) . The persistent use of HbYX motifs for proteasome binding in otherwise highly divergent contexts raises the question of how many other functionally important proteasome binding partners exist, with one attractive candidate being PI31 (34, 35) .
It is notable that the Blm10 C terminus also binds the ␣5/␣6 pocket that is occupied by Pba1 (13) and that the C-terminal residues of the homoheptameric PA26 11S activator appear to bind four of the S. cerevisiae proteasome pockets, including ␣5/␣6, but lack defined density in other pockets, including the ␣6/␣7 pocket that is occupied by Pba2 (31). Cross-linking (36) indicates that the 19S Rpt5 subunit, which displays a C-terminal HbYX, can bind ␣5/␣6, and electron microscopy (37) indicates that the Rpt5 C terminus binds ␣5/␣6 but that ␣6/␣7 is unoccupied in the 19S-bound proteasome. These observations emphasize the functional importance of the asymmetric structure of eukaryotic proteasomes, despite their pseudo-symmetric appearance.
It is established that Pba1-Pba2 functions in proteasome assembly (6 -8) . Using the Dali server (38), we find that Pba1 and Pba2 are structurally similar to PDB code 3GAA, which has been suggested to be an ortholog of the archaeal proteasome assembly factors PbaA and PbaB (15) . Given that PbaA and PbaB only bind mature 20S proteasomes in the presence of an inhibitor (15) , it was striking that we were only able to grow crystals in the presence of MG132. This is reminiscent of models in which binding at the proteolytic sites modulates the conformation at the apical surface of the ␣-subunits to stabilize association with the 19S activator (39) and to promote gate opening (40) . The allostery model does not apply to Pba1-Pba2, however, because our SPR data show that binding kinetics are unchanged when proteasomes are inhibited with either MG132 or with clasto-lactacytsin ␤-lactone. Moreover, the close structural conservation within the body of the proteasome when unliganded and when bound to Pba1-Pba2 does not suggest a mechanism for communication between proteasome proteolytic sites and the apical surface. A more mundane possibility stems from our observation that MG132 inhibits post-purification processing/clipping of ␣7 (Fig. 7B) , which may alter lattice contacts that are important for crystallization. The possibility of allosteric communication between proteolytic sites and the proteasome ␣-subunits and the extent to which the archaeal PbaA and PbaB proteins mimic the role of eukaryotic Pba1 and Pba2 remain important but unresolved questions.
Eukaryotic proteasome assembly initiates with ␣-ring formation, which is promoted by Pba1-Pba2 and the unrelated Pba3-Pba4 heterodimer (2). Pba3-Pba4 modulates incorporation of ␣3 and ␣4 and binds primarily to ␣5 on the surface that becomes occluded by ␤4, ␤5, and ␤6 in assembled proteasomes. This explains why Pba3-Pba4 is displaced as ␤-subunits are added during assembly (4, 5) . In contrast, Pba1-Pba2 remains associated throughout all stages of 20S proteasome assembly (6 -8) , a finding that is consistent with several non-exclusive assembly mechanisms that are suggested by the complex structure: First, Pba1-Pba2 may dictate the appropriate arrangement of nucleating subunits through its direct contacts with ␣4, ␣5, ␣6, and ␣7. Second, the apical location of Pba1-Pba2 may sterically prevent the accumulation of ␣-ring dimers that have been observed upon disruption of Pba1-Pba2/PAC1-PAC2 in mammalian cells (6) . Third, the structure may represent the final assembly intermediate in which sequestration of ␣5, ␣6, and ␣7 N termini in a conserved pocket of Pba1-Pba2 promotes formation of the intricate closed gate conformation by allowing the more buried ␣2 and ␣3 N-terminal residues to assume their correct relative positions. Fourth, Pba1-Pba2 may prevent premature association of nascent ␣-rings with activators, such as 19S. Thus, our data explain the association of Pba1-Pba2 throughout all stages of 20S proteasome assembly, including those with the fully assembled state represented by our structure.
FIGURE S1. Pba1-Pba2 is a heterodimer. Analytical ultracentrifugation equilibrium sedimentation data shown here at 14,000 rpm in different salt concentrations and 20 mM TrisHCl pH 7.5, and 2 mM TCEP. A, 12.5 mM NaCl. B, 25 mM NaCl. C, 50 mM NaCl. D, 150 mM NaCl. In all cases, the observed molecular weight (MWobs) agreed with the calculated value for a heterodimer (63,019 Da) with less than 4% error. Bottom panels show the residual differences between the data and a single ideal species fit with a floating molecular weight.
Purified His-tagged Pba1-Pba2 was dialyzed into 20 mM Tris 7.5 and 2 mM TCEP made up with 12.5, 25, 50 or 150 mM NaCl and diluted to 0.37, 0.185, or 0.0925 mg/ml. Data were collected at 4°C in an Optima XL-A centrifuge (Beckman) at 10,000 and 14,000 rpm and were globally fit to an ideal single species model with a floating molecular weight using non linear least squares analysis as implemented in HETEROANALYSIS (1). Buffer densities and protein partial specific volumes were calculated with SEDNTERP (version 1.09) (2). FIGURE S2. Pba1-Pba2 binding is independent of proteasome inhibition. A, Same as Fig. 1C , with sensorgrams, binding models and associated KD resulting from Pba1-Pba2 interactions shown for uninhibited (left) and 10 μM MG132 inhibited (right) proteasome. B, Same as part A but using 50 μM clasto-lactacystin β-lactone-inhibited proteasome. Variation in binding constants estimated for uninhibited proteasome in these experiments and Fig. 1C presumably reflects systematic errors, such as estimating protein concentration, surface densities, and the presence/absence of DMSO, whereas these errors cancel between the side-by-side experiments of uninhibited vs inhibited proteasomes.
Pba1-Pba2 binding to inhibited 20S proteasomes utilized the same overall procedure as used for uninhibited surfaces (see Experimental Procedures). Proteasome surfaces were pre-incubated with either 10 μM MG132 in 2% DMSO or 50 μM clasto-lactacystin β-lactone for 30 minutes. MG132, which is a reversible inhibitor, was maintained in the running buffer throughout the experiment. Running buffers for control and uninhibited surfaces were supplemented with 2% DMSO for MG132-inhibited proteasomes. DMSO and inhibitor were not included in the running buffer for clasto-lactacystin β-lactone-inhibited proteasomes. (Table S2) were tested as described in Experimental Procedures in the main text. None of the single mutants caused a severe growth defect individually, but combinations of either PBA1 or PBA2 mutation with rpn4-∆ caused temperature sensitivity at 38°. These C-terminal mutations were not as severe as full deletions, as loss of growth at 37° was observed only when the rpn4-∆ deletion was combined simultaneously with the loss of both HbYX motifs. Complete loss of Pba1 or Pba2 proteins therefore leaves the other protein without a partner and unable to function, but loss of just one HbYX motif apparently allows the formation of a partially functional dimer, with less severe phenotypic consequences. FIGURE S4. Pba1 and Pba2 contribute unique functions to the maintenance of mitochondrial activity. Isogenic strains with the relevant genotypes shown (Table S2 ) were grown on rich medium then tested for mitochondrial function by staining with the dye triphenyltetrazolium chloride as described (3) . This assay has an inherently high variance due to the different histories of loss during growth of each culture, and this can also be affected by subtle differences among lots of media. These measurements compare a smaller number of repeats relative to the data shown in Figure 2 in the main text (3-10 independent cultures), but all were performed using a restricted set of media to limit the variance. Loss of either Pba1 or Pba2 caused a rate of mitochondrial loss similar to that observed with the pba1-∆ pba2-∆ double mutant, either in the presence or absence of RPN4, showing that each gene contributes independently to the maintenance of mitochondrial function. Values in parenthesis refer to the highest-resolution shell. a Resolution corresponds to an average I/σ(I) of at least 2.0. b Although the high resolution native data Rsym exceeds 100%, inclusion of these data resulted in a lower Rfree. c RMSD = Root mean square deviation from ideal value. 
